We propose a Seiberg duality for a 3d N = 2 Spin(7) gauge theory with F spinor matters. For F ≥ 6, the theory allows a magnetic dual description with an SU (F − 4) gauge group. The matter content on the magnetic side is "chiral" and the duality connects "chiral" and "non-chiral" 3d gauge theories. As a corollary, we can construct a Seiberg duality for a 3d N = 2 G 2 gauge theory with fundamental matters.
Introduction
Supersymmetric gauge theories exhibit various low-energy phases depending on the number of dynamical quarks [1] . For small flavors, strongly-coupled gauge dynamics typically breaks supersymmetry and confines the quarks into mesons or baryons. For more flavors, supersymmetric theories flow to a non-abelian Coulomb phase and there are two equivalent ways of describing the low-energy dynamics [2] , which is called "Seiberg duality." After the first Seiberg duality was proposed in a 4d N = 1 supersymmetric SU(N) gauge theory with fundamental flavors, this was immediately generalized to various gauge groups and more complicated matters [3] [4] [5] [6] [7] . The similar dualities, which are sometimes called Seiberg-like dualities, were also constructed in three-dimensional spacetime.
Although a lot of 3d Seiberg dualities have been proposed [8] [9] [10] [11] [12] [13] [14] [15] , its variety of the duality is still limited compared to the 4d dualities. This is because in 3d, there are additional flat directions (moduli spaces) called Coulomb branch from the vector superfield and because the lack of the understanding of its quantum structure makes the construction of the 3d dualities difficult compared to the 4d examples. In this paper, we propose the 3d Seiberg duality for the 3d N = 2 Spin(7) gauge theory with F spinor matters. The corresponding 4d duality was proposed in [16] and generalized to the Spin(N) cases [17] [18] [19] [20] [21] [22] [23] [24] [25] . We here claim that a similar duality holds with a small modification of the superpotential. As a by-product of the Spin(7) duality, we can also obtain the duality for the 3d N = 2 G 2 gauge theory with F fundamental matters. These dualities connect the "chiral" and "non-chiral" gauge theories from a four-dimensional point of view.
The rest of this paper is organized as follows. In Section 2, we study the low-energy dynamics of the 3d N = 2 Spin(7) gauge theory with spinor matters, which becomes an electric description of the proposed duality. This section is mostly a review of [26] . In Section 3, we propose a chiral magnetic description dual to the theory in Section 2 and give various tests of the proposed "chiral"-"non-chiral" duality. In Section 4, we swap the roles of the electric and magnetic theories. We take the "chiral" theory as an electric description and propose a Kutasov-type duality. In Section 5, we propose the Seiberg duality for the 3d N = 2 G 2 gauge theory with fundamental matters. This duality will be derived from the Spin(7) duality via a certain deformation.
3d N = Spin(7) gauge theory
We start with the analysis of the Coulomb branch in the 3d N = 2 Spin(7) gauge theory with F v vector matters and F s spinor matters [26, 27] . The Coulomb branch is a flat direction spanned by an adjoint scalar in the vector superfield. When the adjoint scalar obtains a non-zero expectation value, the gauge group is spontaneously broken to some subgroup including U(1) factors. Owing to these compact U(1) subgroups, the theory admits monopole configurations which generate a non-perturbative superpotential [28] [29] [30] . This drastically changes the classical picture of the Coulomb branch and a few directions of the Coulomb branch can be quantum-mechanically stable. The quantum Coulomb branch for the Spin(N) theory was studied in [13, 26, 27, 31] .
The first Coulomb branch Y was studied in [13, 31] for describing the Coulomb branch of the 3d N = 2 SO(N) or O(N) gauge theory with vector matters. When Y obtains a non-zero vev, the gauge group is broken into 1 so(7) → so(5) × u(1) (2.1)
where 7, 8 and 21 represent vector, spinor and adjoint representations, respectively. Along this Coulomb branch, the components charged under the U(1) subgroup become massive. The masses are proportional to their U(1) charges. Therefore, the vector representation reduces to the massless SO (5) vector whereas all the components of the spinor are massive. When the Spin(7) gauge theory includes vector matters, the low-energy effective theory along Y becomes the Spin(5) gauge theory with massless vectors. The vacuum of this lowenergy theory is stable and supersymmetric due to these massless dynamical matters [31] .
On the other hand, if we consider the Spin(7) gauge theory only with spinor matters, the low-energy theory along Y includes the 3d N = 2 Spin(5) theory without a dynamical quark, which leads to an unstable vacuum and the supersymmetry is lost due to the Affleck-HarveyWitten superpotential [28] . As a result, we need to introduce this Coulomb branch operator for the Spin(7) gauge theory with vector matters. In what follows, we will only study the 3d N = 2 Spin(7) gauge theory with spinor matters and Y is not necessary. For the Spin(7) gauge theory with spinor matters, there is an additional Coulomb branch [26, 27] . The second Coulomb branch denoted by Z corresponds to the following gauge symmetry breaking 8) where the Coulomb branch Z is defined from the U(1) subgroup by dualizing the U(1) vector superfield into a chiral superfied. Since the components charged under the U(1) subgroup have non-zero masses, the vector representation reduces to (3, 1) 0 . When we consider the Spin(7) gauge theory only with vector matters, the low-energy theory along this direction includes a 3d N = 2 pure SU(2) gauge theory whose vacuum is runaway and unstable [28] . Therefore, the Spin(7) gauge theory only with vector matters cannot have this flat direction.
1 For branching rules in this paper, see for example [32, 33] .
For the theory with spinor matters, there are massless components (2, 2) 0 and the low-energy SO(3) × SU(2) × U(1) gauge theory can have a stable and supersymmetric vacuum. In this paper, we will discuss the Seiberg duality of the 3d N = 2 Spin(7) gauge theory with F spinor matters. Therefore, we only consider the single Coulomb branch Z. Table 1 summarizes the numbers of the fermion zero-modes for the monopoles associated with Y and Z. The electric theory is a 3d N = 2 Spin(7) gauge theory with F spinor matters [26] . The Higgs branch is described by the meson operator M := QQ and the baryon operator B := Q 4 . The Coulomb branch is described by Z. The quantum numbers of the elementary fields and moduli coordinates are summarized in Table 2 . Table 2 : 3d N = 2 Spin(7) gauge theory with F spinors
We briefly summarize the low-energy dynamics for the cases with small flavors F ≤ 5 [26] : For F = 5, the theory is in an s-confinement phase. The low-energy dynamics is described by the gauge-invariant chiral superfields M, B and Z with an effective superpotential
At the origin of the moduli space, the confinement phase without symmetry breaking is realized, which is called s-confinement. For F = 4, the theory is again in a confining phase described by M, B and Z with a single quantum constraint
where λ is a Lagrange multiplier. One should notice that the origin of the moduli space is eliminated by this constraint. Therefore, the confinement for F = 4 necessarily induces some symmetry breaking. For F ≤ 3, the moduli space is described by M and Z. We can write down an effective superpotential
and there is no stable supersymmetric vacuum for F ≤ 3. For F ≥ 6, we can anticipate that the theory is in a non-abelian Coulomb phase and that there is a magnetic dual description. This expectation is plausible as follows: The 3d N = 2 Spin(7) gauge theory with F spinors flows to the 3d N = 2 SU(3) gauge theory with F − 2 fundamental flavors via a deformation with rank M = 2. The low-energy SU(3) gauge theory exhibits a non-abelian Coulomb phase for F ≥ 6 [12, 29] and there are additional massless degrees of freedom at the origin of the moduli space. Therefore, it is natural to think that the Spin(7) theory with F ≥ 6 also exhibits an interacting non-abelian Coulomb phase. In the next section, we will propose a magnetic description dual to Table 2 by imitating the 4d construction of the Spin (7) duality [16] .
The SU (F − 4) magnetic dual
Now, we propose a magnetic description dual to Table 2 , which is very similar to the corresponding 4d duality proposed by Pouliot [16] . The magnetic side becomes a 3d N = 2 SU(F − 4) gauge theory with F anti-fundamental mattersq, a symmetric tensor s and a meson singlet M. The meson field M is identified with the electric meson QQ. Table 3 summarizes the quantum numbers of these elementary fields.
Let us study the Coulomb branch of the magnetic theory. When the bare Coulomb branch operator Y bare SU (F −6) obtains a non-zero expectation value, the gauge group is spontaneously broken to
The Coulomb branch is associated with the U(1) 1 subgroup and its coordinate Y bare SU (F −6) is constructed from the U(1) 1 vector superfield. Along this breaking, the components charged under the U(1) 1 symmetry are massive and integrated out. Since the matter content is "chiral," the fermion one-loop diagrams with these massive components induce the mixed Chern-Simons term between the U(1) 1 and U(1) 2 groups. This results in a non-zero U(1) 2 charge of Y bare SU (F −6) [34] . The quantum numbers of the bare Coulomb branch Y bare SU (F −6) is listed in Table 3 . In order to parametrize the Coulomb branch, we need to define a so-called dressed monopole operator
where the color indices of s F −6 are contracted with an epsilon tensor of the SU(F − 6) subgroup. The U(1) 2 charge of the bare operator is correctly canceled as it should be.
The magnetic theory has a tree-level superpotential 5) which is consistent with all the global symmetries in Table 3 . Several comments about this superpotential are in order: As opposed to the 4d case, we need not introduce a term proportional to det s into the superpotential (3.5). The magnetic Coulomb branch Y dressed is excluded from the chiral ring elements via the superpotential (3.5). This monopole superpotential is absent in the corresponding 4d duality but reminiscent of the 4d superpotential since the 4d theory includes the term proportional to det s ∼ s
. From this point of view, the superpotential (3.5) is similar to the 4d one. Notice that the assignment of the global U(1) charge on the magnetic elementary fields are completely fixed by requiring that the baryon matching B ∼q F −4 and the consistency of the first term Msqq in the superpotential (3.5). The availability of the monopole potential and the other operator matching Z ∼ det s give us a non-trivial consistency check of the proposed duality. 
First, we consider a complex mass deformation. This is completely the same as the 4d argument [16] . Let us introduce a complex mass to the last flavor of the spinor matters W = mQ F Q F = mM F F . By taking a low-energy limit at the origin of the moduli space, the electric theory flows to the Spin(7) theory with F − 1 spinor matters. On the magnetic side, the deformation W = mM F F corresponds to the higgsing sq FqF = −m which breaks the gauge group into SU(F − 5). At the low-energy limit, we obtain the SU(F − 5) gauge theory with F − 1 anti-fundamental matters and a symmetric tensor. In this way, the mass deformation preserves the duality with reduction F → F − 1.
Let us further test the validity of our duality. For F = 5, the electric Spin(7) gauge theory exhibits the s-confinement phase (2.9). On the magnetic side, the gauge group is vanishing. The theory is described by the gauge-singlet chiral superfieldsq, s and M which are identified with the electric moduli coordinates B, Z and M, respectively. The magnetic superpotential becomes
which reproduces a part of the s-confinement superpotential (2.9). We expect that the missing term Z det M is non-perturbatively generated, which is consistent with the global symmetries in Table 3 . Finally, we can compute the superconformal indices [35] [36] [37] [38] from the electric and magnetic descriptions and find a beautiful agreement. We here focus on the case with F = 6 where the magnetic side becomes the 3d N = 2 SU(2) gauge theory with six doublets and an adjoint matter. The magnetic Coulomb branch need not be dressed in the SU(2) case. We computed the superconformal indices from both the electric and magnetic sides and the results are given by where we set the R-charge of Q to be r Q = 1 4 for simplicity. The fugacity u is associated with the global U(1) symmetry and x counts the weight plus the third component of spin. The second term 21u 2 x 1/2 corresponds to the meson operator M := QQ. The baryon operator B := Q 4 is represented as 15u 4 x and the remaining 231u 4 x is M 2 . The higher order terms are symmetric products of these operators and fermion contributions. We checked the agreement of the electric and magnetic indices up to O(x 3 ). We also computed the superconformal indices for the case with F = 7 and observed the agreement up to O(x 3 ).
Kutasov-type duality
In this section, we regard the SU(N) gauge theory with a symmetric tensor as an electric description and propose a Kutasov-type 2 duality according to Pouliot's argument [16] . The electric side becomes a 3d N = 2 SU(N) gauge theory with N + 4 fundamental matters Q and a symmetric-bar tensorS, where we shifted F → N + 4 for simplicity. The electric theory includes the following superpotential
where Y dressed is a dressed Coulomb branch operator and its precise form will be defined below. Notice that Pouliot's 4d duality [16] has a different superpotential W 4d ele = detS whereas the 3d case includes a monopole superpotential (4.1). Since there is no superpotential for the Higgs branch coordinates, the Higgs branch operators are not truncated at all and described by
The analysis of the Coulomb branch is very similar to the previous section. The bare Coulomb branch denoted by Y bare SU (N −2) corresponds to the gauge symmetry breaking 
where the color indices ofS N −2 are contracted by an epsilon tensor of the unbroken SU(N −2) subgroup. This dressed operator is eliminated from the chiral ring elements due to the superpotential (4.1). Table 4 summarizes the quantum numbers of the elementary fields and moduli coordinates. One should notice that the U(1) charge assignment is completely fixed by the monopole superpotential (4.1). Table 4 : 3d N = 2 SU(N) gauge theory with (N + 4) +
The magnetic side becomes a 3d N = 2 Spin(7) gauge theory with N + 4 spinor matters q and a meson singlet M which is identified with the electric mesonSQQ. The magnetic theory includes a tree-level superpotential
(4.7) Table 5 summarizes the quantum numbers of the elementary fields in the magnetic Spin (7) gauge theory. Notice that the assignment of the global U(1) charge in Table 5 is fixed by the meson matching M ∼SQQ and the superpotential (4.7). Therefore, the matching of the other operators becomes a non-trivial test of the duality as we will see below. Table 5 : The Spin(7) magnetic dual description of Table 4 Spin (7) 
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Due to the superpotential (4.7), the magnetic mesonis eliminated from the moduli space of the magnetic theory. The matching of the gauge invariant operators are easily obtained by comparing Table 4 with Table 5 :
Notice that in the corresponding 4d duality [16] , the composite operator detS was excluded due to a tree-level superpotential W 4d ele = detS while it is here mapped to the Coulomb branch operator Z.
Let us compare the flat directions of the electric and magnetic theories. In the 4d case where a different superpotential W 4d ele = detS is introduced, the F -flatness condition imposes rank M = QQS ≤ N − 2. On the other hand, in 3d,S is not constrained by the superpotential (4.1). Therefore,S (and M := QQS as well) can have non-zero expectation values such that rank M ≤ N. We can see that the meson singlet M on the magnetic side is in the same situation: If the singlet M had a non-zero vev with rank M ≥ N + 1, the magnetic theory flows to a 3d N = 2 Spin(7) theory with less than four spinor matters. As we explained in Section 2, such a theory exhibits a runaway superpotential and loses all the supersymmetric vacua. Therefore, the rank of the meson singlet on the magnetic side should be less than or equal to N. In this way, the electric and magnetic theories have the same mesonic flat directions parametrized by M =SQQ.
As a further consistency check, let us consider a trivial case with N = 1, where SU(N) is vanishing. The electric side becomes a non-gauge theory with two gauge-singlet chiral superfields Q andS. These are free fields. When N = 1, the magnetic side becomes a 3d N = 2 Spin(7) gauge theory with five spinors. As explained in Section 2, this magnetic theory is s-confined and described by the effective superpotential
where we defined a magnetic meson N := qq. The two mesonic fields M and N are massive. By integrating out these massive fields, we are left with the two free fields B and Z which are identified with Q andS, respectively.
3d G 2 Seiberg duality
In this section, we propose a Seiberg duality for the 3d N = 2 G 2 gauge theory with F fundamental matters [39] . The dimension of the fundamental representation in G 2 is 7. This duality can be derived from the Spin(7) duality with F +1 spinor matters, which was studied in Section 2 and Section 3, by introducing a rank-one vev to M. On the electric side, the vev for the last flavor M F +1,F +1 = 0 breaks the gauge group into G 2 and one spinor is eaten via the Higgs mechanism. On the magnetic side (shifting F → F + 1), the gauge group is SU(F −3) and not higgsed. The vev for M F +1,F +1 = 0 decomposes Msqq → Msqq + sq 0q0 , where we absorbed the vev of M F +1,F +1 intoq 0 's. In this way, we can derive the 3d duality between the G 2 and SU(F − 3) gauge theories. In what follows, we will investigate this duality in further detail. The electric theory is a 3d N = 2 G 2 gauge theory with F fundamental matters. The supersymmetry-breaking and confinement phases for F ≤ 4 were investigated in [39] . Here, we focus on F ≥ 5. The global symmetry is SU(F )×U(1)×U(1) R where the U(1) symmetry counts the number of quarks. Notice that there is no chiral anomaly in 3d and that the 3d parity anomaly impose no constraint on the matter content. There is no tree-level superpotential on the electric side. The quantum numbers of the elementary fields are summarized in Table 6 .
The Higgs branch, which is identical to the 4d one, is described by the following gaugeinvariant composites [40] [41] [42] 
where the color indices are contracted by δ a 1 a 2 , f a 1 a 2 a 3 and ǫ a 1 ···a 7 f a 5 a 6 a 7 (a i = 1, · · · , 7). Next, we consider the Coulomb branch from the G 2 vector superfield. The G 2 Coulomb branch denoted by Z SU (2) was studied in [39, 43] . When Z SU (2) obtains a non-zero expectation value, the gauge group is spontaneously broken to
where 14 is an adjoint representation. Since the fundamental matter reduces to a massless SU(2) triplet along this flat direction, the low-energy SU(2) gauge theory can have a stable supersymmetric vacuum [28] [29] [30] . Therefore, the Coulomb branch labeled by Z SU (2) is quantum-mechanically allowed. For other Coulomb branch directions, there is no massless dynamical quark from the fundamental representation and hence the low-energy SU(2) gauge theory makes its vacuum unstable [28] . As a result, the quantum Coulomb branch is described by a single coordinate Z SU (2) . Table 6 : 3d N = 2 G 2 gauge theory with F fundamental matters
The magnetic description is given by the 3d N = 2 SU(F − 3) gauge theory with F + 1 anti-fundamental matters, a symmetric tensor s and a meson singlet M. The meson field M is identified with the electric meson QQ. The anti-fundamental matters are decomposed into F anti-quarksq and a single oneq 0 as we explained before. The magnetic theory includes a tree-level superpotential
which distinguishesq 0 fromq. The last term Y dressed is a dressed Coulomb branch operator of the magnetic theory, which will be defined below. The quantum numbers of the magnetic elementary fields are summarized in Table 7 . The global U(1) charge assignment on the magnetic side is completely determined only by requiring the baryon matching B := Q 3 ∼ q F −3 and the availability of Msqq + sq 0q0 in the superpotential. Therefore, it is a non-trivial consistency check that we can have the superpotential W = Y dressed consistent with the symmetries in Table 7 . As we will see below, it is the case.
The analysis of the Coulomb branch is the same as the previous sections. The bare Coulomb branch operator denoted by Y bare SU (F −5) corresponds to the gauge symmetry breaking is constructed from the U(1) 1 vector superfield. Since the bare operator has a non-zero U(1) 2 charge proportional to the effective mixed Chern-Simons term between U(1) 1 and U(1) 2 [34] , we need to define the dressed monopole operator 9) where the color indices of s F −5 are contracted with an epsilon tensor of the SU(F − 5) gauge group. Note that the global U(1) charge is correctly canceled in this combination as in Table  7 . Table 7 : The SU(F − 3) magnetic dual description of Table 6 SU(F − 3)
The matching of the chiral ring elements under the G 2 duality is transparent from Table  6 and Table 7 :
Notice that the matching of the quartic baryon F := Q 4 ∼q
0 and the Coulomb branch Z SU (2) ∼ det s is non-trivial and serves as a consistency check of our duality. The magnetic superpotential lifts unnecessary flat directions sqq, sq 0q0 and Y dressed . We can verify further consistencies of the G 2 duality. For F = 4, the electric theory is in an s-confinement phase [39] . The confined degrees of freedom are M, B, F and Z SU (2) . The effective superpotential for F = 4 becomes
which governs the low-energy dynamics. On the magnetic side with F = 4, the gauge group SU(F − 3) vanishes. Thus, the theory is described by the gauge-invariant chiral superfields q,q 0 , s and M. The magnetic superpotential becomes
where we used the following operator identification 12) which is consistent with the global symmetries in Table 6 and Table 7 . In this way, we can reproduce a part of the electric superpotential (5.10) except for Z SU (2) det M. We expect that this missing term is dynamically generated on the magnetic side since Z SU (2) det M is consistent with the magnetic global symmetries. As a final consistency check, we compute the superconformal indices [35] [36] [37] [38] by using the electric and magnetic descriptions. We here focus on the case with F = 5. We find that the two descriptions give us an identical result: where t is a fugacity for the global U(1) symmetry. The R-charge of Q is set to be r Q = 1 3 for simplicity. The second term 1 t 10 + 15t 2 x 2/3 consists of the meson M and the Coulomb branch operator Z SU (2) . The third term 10t 3 x corresponds to the cubic baryon B. The quartic baryon F is represented as 5t 4 x 4/3 . The higher order terms are fermion contributions and symmetric products of the bosonic operators. We verified the agreement of the electric and magnetic indices up to O(x 3 ).
Summary and Discussion
In this paper, we proposed the Seiberg duality for the 3d N = 2 Spin(7) gauge theory with F spinor matters. The dual description is given by the 3d N = 2 SU(F − 4) gauge theory with F anti-fundamental matters, a symmetric tensor and a meson singlet. Since the matter content on the magnetic side is "chiral" in a four-dimensional sense, this duality equates "chiral" and "non-chiral" 3d gauge theories. In Section 4, we switched the roles of the electric and magnetic theories and proposed the 3d Kutasov-type duality for the SU(N) gauge theory with a symmetric tensor and fundamental matters with a (dressed) monopole superpotential. As a by-product of the Spin(7) duality, we found the Seiberg duality for the 3d N = 2 G 2 gauge theory with fundamental matters. These dualities are very similar to the corresponding 4d dualities discovered by Pouliot [16] except for the superpotential.
An important observation in this paper is that the composite operator det s, which was truncated in the 4d duality, is not removed but mapped to the Coulomb branch operator of the dual theory. This is a new feature of the 3d Spin(7) and G 2 dualities. As a validity check of our analysis, we computed the superconformal indices by using the electric and magnetic theories and observed a beautiful agreement. Although the dualities we found here are very similar to the 4d dualities [16] , we couldn't derive these 3d dualities from the 4d ones via dimensional reduction [12, 13] . An important difference between the 3d and 4d Spin(7) dualities is the absence of the superpotential proportional to det s in 3d. It would be interesting if we could find the connection between the 3d and 4d Spin(7) and G 2 dualities. In principle, it is possible to reduce the 4d superconformal indices to the 3d partition functions of these dualities [12, [44] [45] [46] [47] . This will give us another consistency check of the dualities and deepen our understanding.
The Seiberg dualities proposed here include the (dressed) monopole superpotential. Therefore, this can be regarded as a generalized version of the monopole-deformed dualities [48] . It is interesting to further generalize the 3d dualities with dressed monopole superpotential in this direction. Since the theory includes a monopole potential, these dualities have a UVcompletion problem. We do not know how to express the dressed Coulomb branch operator in terms of the UV degrees of freedom in a gauge-invariant way. Of course, this does not ruin the validity of the dualities because the proposed dualities are valid in a far-infrared regime. Nonetheless, it is nice if we could understand the origin of the (dressed) monopole superpotential and obtain the UV-complete dualities where both of the electric and magnetic theories are UV-complete and have well-defined Lagrangian descriptions.
It is very important to generalize our argument to more general cases: One can in principle construct similar dualities for the 3d N = 2 Spin(N)gauge theories with vector and spinor matters according to the 4d dualities [17] [18] [19] [20] [21] [22] [23] [24] . We will soon come back to this problem elsewhere.
